Twelve maternally transcribed genes are required for dorsal-ventral pattern formation in the Drosophila embryo (Anderson and Nfisslein-Volhard 1984; Schfipbach and Wieschaus 1989) . The products of these genes create a ventral-to-dorsal morphogen gradient by regulating the nuclear translocation of the dorsal protein in a spatially asymmetric manner (Steward et al. 1988; Roth et al. 1989; Rushlow et al. 1989; Steward 1989 ). In the nuclei, dorsal protein presumably acts as a concentration-dependent transcriptional regulator that activates or represses distinct zygotic target genes in specific regions of the embryo (Rushlow et al. 1987; Roth et al. 1989) . To understand the generation of dorsal-ventral asymmetry in the embryo and the mechanisms leading to the production of the nuclear dorsal protein gradient, we are studying the biochemical functions of, and interactions among, the maternal gene products in this pathway.
Among these maternal effect genes, the Toll gene plays a crucial role in defining the spatial organization of the pattern. Embryos produced by females that lack Toll activity are dorsalized, lacking all lateral and ventral pattern elements. Dominant gain-of-function alleles of Toll that result in expansion of ventral pattern elements have been recovered at high frequency, pointing to the importance of Toll in determining the organization of the dorsal-ventral pattern (Anderson et al. 1985bl . In addition, among the seven genes for which injection of wild-type cytoplasm can rescue the dorsalized mutant phenotype, only Toll-mutant embryos show no residual dorsalventral asymmetry, with the site of ventral structures defined by the site of deposition of the wild-type gene product (Anderson et al. 1985al . Thus, in these injection experiments, a high local concentration of the Toll product can define the polarity of the dorsal-ventral pattern. In the wild-type embryo, the Toll protein is evenly distributed at the syncytial blastoderm stage, the time of Toll activity (Anderson and N/isslein-Volhard 1986; Hashimoto et al. 1991) , suggesting that the Toll protein is spatially regulated such that it becomes active on the ventral side of the embryo.
The 12 maternal gene products required for dorsalventral pattern formation appear to define a pathway through which information passes from outside the embryo to the nuclei. Two sequenced dorsal-group genes that are known to act genetically upstream of Toil, easter and snake, encode extracellular-type serine proteases that are present in the extracellular perivitelline space between the plasma membrane and the eggshell (De-Lotto and Spierer 1986; Chasan and Anderson 1989; Stein and C. Nfisslein-Volhard, pers. comm.; Y. Jin, R.
Chasan, and K.V. Anderson, unpubl.) . The Toll gene encodes a transmembrane protein found in the plasma membrane (Hashimoto et al. 1988 (Hashimoto et al. , 1991 . Together, both molecular and genetic evidence suggests that Toll occupies a position in the pathway where it could transmit a signal from extracellular upstream gene products to intracellular, downstream gene products, finally giving rise to the nuclear gradient of dorsal protein.
The Toll gene encodes a 1097-amino acid protein that contains a single, membrane-spanning domain (Hashimoto et al. 1988 ) and has some features of known signaltransducing receptors. The cytoplasmic domain of Toll is similar to the intracellular domain of the human and mouse interleukin-1 receptors (IL-1Rs), (see Fig. 2 , below); (Sims et al. 1988 (Sims et al. , 1989 . The 803-amino acid residue extracellular domain, of Toll is composed largely of two blocks of leucine-rich (L-rich) repeats. L-rich repeats of this type have been found in a diverse group of proteins including the transmembrane protein platelet protein glycoprotein (gp) lb ~ and f3, gp IX, and the lutropinchoriogonadotropin receptor (Lopez et al. 1987 (Lopez et al. , 1988 Hickey et al. 1989; McFarland et al. 1989 ). The Drosophila protein chaoptin, which is composed almost exclusively of L-rich repeats, can mediate homotypic cell adhesion (Krantz and Zipursky 1990) , and Toll itself can promote heterotypic cell adhesion (Keith and Gay 1990) , providing evidence that this motif defines a protein-protein interaction domain. An array of ethylmethane sulfonate (EMS)-induced recessive and dominant alleles of Toll that cause a variety of changes in the size and spatial distribution of ventral and lateral structures in the embryo has been isolated (Anderson et al. 1985b; Gerttula et al. 1988; Erddyi and Szabad 1989) . Here we describe the mutations responsible for nine dominant and five recessive alleles of Toll. The mutant sequences define domains of the Toll protein that are essential for its normal activity. In addition, the mutations may define extracellular sites of interaction with proteins that spatially regulate the activity of Toll and intracellular regions that are required for Toll to transmit the signal that controls nuclear localization of the dorsal protein.
Results

Recessive mutations in Toll alter either the intracellular or extracellular domain of the protein
Each of the recessive Toll alleles analyzed has some residual activity, with a distinctive phenotype and complementation behavior. Four of the five recessive alleles sequenced contained a single base change from the parental chromosome that would cause a single amino acid change (Fig. 1) . Three alleles were found to have a mutation in the cytoplasmic domain, and two were found to have mutations in the extracellular domain of the Toll protein.
Females homozygous for T1 r26 produce strongly dorsalized embryos (Anderson et al. 1985b ). This allele is slightly temperature sensitive and in some genetic backgrounds causes a dominant dorsalizing phenotype, indicating that it has some antimorphic character. An extracellular mutation was found in Zl r26 in the cysteine-containing motif following the first block of L-rich repeats (Fig. 1) .
The T1 rm9 mutation causes an unusual embryonic phenotype. The embryos are lateralized; both dorsal and ventral structures are absent, and all cells adopt lateral fates (Anderson et al. 1985b) . Two nonconservative amino acid substitutions were found in the extracellular domain of Zl rrn9 in the first and second blocks of leucine repeats (Fig. 1) . We have not determined whether one or both changes are required to generate the mutant phenotype.
Three recessive dorsalizing alleles, ZI r444' Zl rB1, and T1 rs2, have mutations in the cytoplasmic domain of the Toll molecule (Fig. 1) . The cytoplasmic domain mutations are particularly interesting in light of the sequence similarity between the Toll protein and the IL-1R (Fig. 2 ) (Hashimoto et al. 1988; Sims et al. 1988 Sims et al. , 1989 . The extracellular domains of these two proteins are completely different, but the cytoplasmic domains are 26% identical and 43% similar in sequence. The two cytoplasmic domains can be aligned from the first residue after the transmembrane domain through the entire 217-aminoacid-residue length of the IL-1R cytoplasmic domain without the introduction of large gaps. The Toll cytoplasmic domain has an additional 68-amino-acid residue tail that is not present in the IL-1R. The three cytoplasmic Toll mutations are located in the region of similarity between the two molecules (Fig. 2) . The strongest allele, T1 "82, changes a valine found in both Toll and the IL-1 receptor to a methionine. The temperature-sensitive allele Zl r444 changes a phenylalanine (tyrosine in the IL-1R) to isoleucine, and the weakest allele, T1 rB1, changes a histidine to a tyrosine, the amino acid residue found in that position in the IL-1R.
Two classes of dominant alleles of Toll change the extracellular domain
Females carrying any of the 12 dominant alleles of Toil in trans to a wild-type allele produce ventralized embryos in which the ventral and lateral pattern elements are expanded at the expense of dorsal structures. The dominant ventralizing alleles of Toll fall into two genetic classes that differ in their requirement for a wildtype allele of Toll. Females carrying a class I allele (T11, T19Q, TF °b) in trans to a null allele of Toll produce ventralized embryos. In contrast, females carrying a class II allele (T184c, TI sB, T1DB1, T1DB2, TI DB3, T12b, TI 3~, T12~, T118a) in trans to a null allele of Toll produce dorsalized embryos, like females that lack all Toll activity (Anderson et al. 1985b; Hudson 1989) . Class II alleles also resemble null alleles in that they lack the Toll activity required for zygotic viability (Gerttula et al. 1988; Hudson 1989 are cold sensitive, producing more severe phenotypes at 18°C than at 29°C {Fig. 3C, D). Class I and class II alleles also differ in their dependence on upstream genes. Double-mutant females that lack the activity of genes upstream of Toll and carry a class I Toll allele produce embryos that make ventral or lateral structures in a dorsoventrally symmetric pattern, whereas double-mutant flies carrying class II alleles of Toll and upstream mutations produce dorsalized embryos {Anderson et al. 1985b; K.V. Anderson, unpubl.) . In summary, class I alleles of Toll are cis active and partially independent of the activity of upstream genes, whereas class II alleles are cis inactive, can alter the activity of the wild-type Toll product in trans, and require upstream genes for activity. In general, the class I alleles produce more strongly ventralized phenotypes than most class II alleles, although the range of phenotypes overlaps. The most extreme ventralized phenotype is seen in embryos laid by mothers carrying the class I allele T1 l°b (Erd61yi and Szabad 1989}. In these embryos the most ventrally derived tissue, the mesoderm, is expanded and laterally derived epidermal structures are either absent or greatly reduced {Hudson 1989}. The ventralized phenotypes of embryos produced by mothers carrying the class I alleles T11 or T19° or the class II alleles T184c or T15B are similar {Fig. 3B) (Anderson et al. 1985b) . Females carrying one of these four alleles produce ventralized embryos with expanded ventral epidermis and the complete loss of dorsal epidermis, but no expansion of the mesoderm. The other class II alleles cause a weaker ventralization of the embryonic pattern, with some dorsal pattern elements still present. The weakest phenotype is caused by the coldsensitive allele TI°BI; at 29°C, 50% of the embryos hatch into larvae and the remainder do not undergo head involution and may not shorten the germ band {Fig. 3D).
Nine of the dominant alleles were sequenced, and all contained mutations in the extracellular domain of the Toil molecule {Fig. 1}. The sequence changes found in the dominant alleles fall into two molecular classes that coincide with the two genetically defined classes.
Each of the class I alleles changed a cysteine to a tyrosine in the sequence after the second block of L-rich repeat domain, immediately adjacent to the transmembrane domain (Fig. 1 ). This clustering of mutations prompted us to examine the carboxy-terminal flanking sequences of other L-rich repeat-containing proteins more closely. In Toil, both blocks of L-rich repeats are followed by a cysteine-containing motif, which is also found in a subset of proteins that have extracellular Lrich repeats including L-rich glycoprotein {Takahashi et al. 1985}, the platelet transmembrane proteins gp lb and 13, gp IX (Lopez et al. 1987 (Lopez et al. , 1988 Hickey et al. 1989} , and the lutropin-choriogonadotropin receptor (McFarland et al. 1989} . We found that the similarity between these motifs extends further than described previously {Hickey et Keith and Gay 1990} and that the motifs contain four, rather than only two, conserved cysteine residues {Fig. 4). Each of the three class I alleles replaced one of the four cysteine residues in this motif with a tyrosine residue (Fig. 4J .
In each of the six class II alleles sequenced, premature stop codons or small deletions that introduced premature stop codons were found (Fig. 1) . The truncated polypeptides produced by these alleles would be from 464 to 753 amino acid residues in length and would include one or both blocks of L-rich repeats. None of the truncated proteins would contain the transmembrane domain. No simple relationship between the length of a truncated class II polypeptide and its phenotypic strength has emerged. For instance, the two strongest class II Toll alleles, T15B and T184c, encoded truncated polypeptides of very different lengths.
Protein blots confirmed that TlCl'ssI1/T1 + heterozygores synthesized both full-length and truncated Toll The cuticle of a wild-type embryo injected dorsally at 25% egg length with a transcript encoding a T1 t~u~c~ (66 ~g/ml). Both head and tail structures are ventralized. (F) The cuticle of a wild-type embryo injected at 25% egg length on the dorsal surface with the class I TF °b cDNA transcript (66 ~g/ml). Only the posterior end of the embryo was ventralized in these injections. (G) The cuticle of a strongly dorsalized embryo produced by a eaa/ea s°2erxl female. (H) The cuticle pattern of an embryo produced by an eaa/ea s°ee~xl female that was injected with a T1 ~°b transcript at 25% egg length. This embryo differentiated both the dorsolaterally derived filzk6rper and the ventrolaterally derived ventral denticle belts of the sixth, seventh, and eighth abdominal segments.
proteins (Fig. 5) . The sizes of the observed proteins were consistent with the sizes predicted from their sequences. The truncated proteins examined were all -25% as abundant as the full-length Toll protein, perhaps because they are not as stable as the transmembrane protein.
Injection of d o m i n a n t allele transcripts can ventralize the e m b r y o n i c pattern
To test whether the coding changes found in the dominant alleles were responsible for the mutant phenotypes, we assayed the activity of both class I and class II mutant transcripts injected into wild-type embryos. This assay relied on the ability of injected transcripts of a fulllength Toll cDNA to rescue the dorsalized phenotype of embryos laid by T1-females (C. Hashimoto, unpubl.) . Injection of high concentrations of wild-type transcripts into wild-type embryos never produced a ventralizing phenotype (Table lJ. We replaced segments of the Toll cDNA construct with restriction fragments containing the point mutations of class I dominant alleles and assayed the activity of transcripts of mutant alleles by injection into cleavage-stage, wild-type embryos (Table 1) . Transcripts containing the T11 o r TI lOb cysteine-to-tyrosine changes caused ventralization of the embryonic pattern, confirming that these changes are sufficient to produce a dominant ventralizing phenotype (Fig. 3F) .
The extent of ventralization produced by the class I transcripts depended on the concentration of the injected transcripts. Injection of high concentrations (>66 t~g/ml) of T1 ~°b and T11 (Table 1) transcripts into wild-type embryos induced the formation of local cup-shaped invaginations at the time of gastrulation at the site of deposition (Table 1) . We believe that these local furrows correspond to local mesodermal invaginations. Embryos that had large local invaginations differentiated to have large holes in their cuticles, with only ventral cuticular structures present in the surrounding cuticle. We interpreted these embryos as having expanded mesoderm, similar to embryos produced by females carrying the T1 l°b allele. Injections of lower concentrations (13 t~g/ml) of T1 l°b and T1 ~ transcripts produced more weakly ventralized embryos that resembled those produced by T11 females, with ventral denticle bands encircling the circumference of the larval cuticle. Thus, although TI~°b/+ females produce more strongly ventralized embryos than T1U+ females, the products of both T1 l°b and T1 ~ caused an (Lopez et al. 1987 (Lopez et al. , 1988 , human blood platelet glycoprotein IX (gp IX) (Hickey et al. 1989) , the protein tyrosine kinase receptor trk b (Klein et al. 1989 ), L-rich glycoprotein (LRG) (Takahashi et al. 1985) , and the lutropin receptor (LHR} (McFarland et al. 1989) . Amino acid residues are grouped on the basis of similarities between their physical and chemical properties, which were defined according to Miyata expansion of the ventrally derived mesoderm at high concentrations and at lower concentrations expanded the laterally derived ventral epidermis without detectably expanding the mesoderm. When wild-type Toll m R N A is injected into T1-embryos the dorsal-ventral pattern is rescued along onethird to one-half of the anterior-posterior length of the embryo (Anderson et al. 1985a; C. Hashimoto, unpubl.) . The ventralizing effects produced by injection of T11 or T11°9 transcripts into wild-type embryos were also spatially restricted. Local invaginations at the site of injection were seen when the transcripts were deposited either dorsally or ventrally at the periphery of the embryo. When the transcripts were placed dorsally, a furrow in- Figure 5 . Class II allele protein expression. Extracts of O-to 4-hr embryos were separated on 7.5% polyacrylamide gels and transferred to nitrocellulose. Blots were probed with a rabbit polyclonal antibody raised against the amino-terminal domain of Toll (Materials and methods). The product of T1 Sac migrates at 63 kD, the product of T1 °B~ at 82 kD, and the product of T15B at 84 kD, the same order of size predicted from the sequences. Each truncated product migrates -10 kD larger than predicted from its sequence, probably due to glycosylation. Wild-type Toll protein is glycosylated and therefore migrates at 135 kD rather than the 125 kD predicted from the open reading frame (Hashimoto et al. 1991 ).
vaginated at that site -2 min before the invagination of the ventral furrow. No interference with the invagination of the normal ventral furrow was detected. When the transcripts were injected ventrally, a cup-shaped invagination at the injection site slightly preceded, and then appeared to be superimposed on, normal ventral furrow invagination. Injection at 25% egg length (0% egg length = posterior pole) prevented germ-band extension but did not affect the dorsal-ventral position of the cephalic fold (67% egg length). Larval cuticles of embryos injected at 25% egg length frequently had wild-type head structures but ventralized posteriors (Fig. 3F) . No clear differences were seen in the cuticular patterns between embryos injected ventrally and those injected dorsally. To test the activity of transcripts encoding truncated products like the class II alleles, we synthesized a Toll c D N A (TI t . . . . 1) that has a stop codon 5 amino acid residues amino-terminal to that found in T1 sS. Injection of high concentrations (330 i~g/ml) of a T1 tr'''cl transcript into wild-type embryos at any dorsal-ventral position caused a moderate ventralization of the embryonic pattern, with expanded ventral denticle bands and the loss of some dorsal pattern elements, but some dorsal structures were always differentiated (Fig. 3E) . No local ventral furrow was ever induced in these injections (Table  1 ). In contrast with the local effects seen with class I transcript injections, when the T1 tru'cl transcript was injected at 25% egg length, the cephalic fold was shifted to the dorsal side of the embryo and germ-band extension was blocked. Both head and tail cuticle patterns were ventralized in these embryos {Fig. 3E). The global ventralization produced by class II, but not class I, transcripts suggests that the class II, but not the class I, proteins diffuse throughout the extracellular perivitelline space of the embryo. Local furrow refers to the formation of a local mesoderm invagination during gastrulation at the site of injection. The columns headed ng and n¢ record the number of embryos observed at gastrulation or the number of larval cuticles counted, respectively. Embryos that did not hatch but did not have defects in dorsal-ventral pattern formation are not included here. Hatching was not scored for T11 injections. Cuticles recorded in the FK column were moderately dorsalized and contained only dorsolaterally derived filzk6rper but not the more ventrally derived ventral denticles. Cuticles recorded in the FK + VD column contained filzk6rper material and some ventral denticles. In injections into wild-type embryos the FK + VD column includes cuticles that were moderately ventralized. For injections into dorsalized embryos, the FK + VD column lists both moderately dorsalized, essentially wild-type and moderately ventralized cuticles, which could not be unambiguously distinguished from one another. Cuticles recorded in the VD column contained ventral denticles but no filzk6rper material and, therefore, were more strongly ventralized than those in the FK + VD column. Cuticles recorded in the mes. exp. (mesoderm expanded) column contained larges holes in their cuticles, which resemble those found in extremely ventralized embryos in which the mesoderm has expanded; only ventral cuticle was seen surrounding the holes. Transcripts were injected onto the dorsal side of T1-or ea-embryos.
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We also assayed the activity of the dominant transcripts injected into dorsalized embryos that lacked the activity of Toll or the upstream dorsal group gene easter (ea) ( Table 1) . At an appropriate concentration, injection of class I transcripts near the periphery of embryos produced by T1-females or ea-females promoted the development of a normal, asymmetric dorsal-ventral pattern (Fig. 3H) . In both kinds of recipient, the most ventral structures developed at the site of RNA deposition. The dose-response curve for rescue was very steep, with high concentrations of transcript ventralizing the embryos, and only a limited concentration range generating a wild-type pattern (Table 1) . Five times more dominant Toll RNA was required to rescue lateral and ventral structures in ea -embryos than in T1-embryos, suggesting that the ea + activity present in the T1-embryo potentiates the activity of the product of the dominant allele. As expected from the cis inactivity and upstream gene dependence of the class II alleles, injection of class II transcripts into embryos produced by T1-and ea- Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from females did not rescue any lateral or ventral structures (Table 1 ).
Discussion
Our current hypothesis is that the Toll protein either directly transduces a signal across the plasma membrane of the embryo or is part of a signal transduction complex. To investigate this hypothesis, we have sequenced mutant Toll alleles that cause well-defined changes in the embryonic dorsal-ventral pattem. The sequence changes define functional domains of the Toll protein that are consistent with the idea that it acts as a receptor for an extracellular, spatially asymmetric signal and passes on a signal through its cytoplasmic domain. Recessive mutations that lower the activity of Toll alter either the extracellular or cytoplasmic domains of the protein. Dominant gain-of-function alleles, which cause Toll to be active in dorsal as well as ventral parts of the embryo, are all caused by mutations in its extracellular domain. The two genetic classes of dominant Toll alleles correspond to two distinct classes of molecular lesions, identifying two regions of the extracellular domain that are of particular importance in controlling the activity of the Toll protein.
Class I dominant Toll alleles encode constitutively active products
The class I dominant alleles define the juxtamembrane cysteine-containing motif adjacent to the L-rich repeats as a domain that can control the activity of the Toll molecule. The 18 extracellular cysteine residues in Toll do not form disulfide bonds with other proteins (Hashimoto et al. 1991) , suggesting that the cysteines changed in these alleles normally participate in intramolecular disulfide bonds. The L-rich repeat carboxy-terminal flanking sequence of L-rich glycoprotein contains only two cysteine residues that form an intramolecular disulfide bond (Takahashi et al. 1985) . The pattern of sequence similarity between the proteins suggests that disulfide bonds form between Cys 1 and Cys 3 and between Cys 2 and Cys 4 in this domain of Toll. The conformational changes that lead to abnormal activity of class I Toll alleles could be due either to the substitution of bulky tyrosine residues for cysteine residues or to interference with normal disulfide bond formation. Both factors may be important. We predict that the T1 l°b and TP mutations disrupt the same disulfide bond, but they do not cause identical phenotypes.
Like Toil, the Caenorhabditis elegans lin-12 gene encodes a transmembrane protein that is believed to function as a signal transducer (Yochem et al. 1988) . Dominant mutations of lin-12 that increase the activity of the protein change single extracellular amino acids adjacent to the transmembrane domain (Greenwald and Seydoux 1990) . This suggests that although these two proteins share no sequence homology, the conformation of the region just outside the transmembrane domain may be important in defining the activity of the cytoplasmic domains of both Toil and lin-12. In addition to producing similar mutant phenotypes, these domains may also be important in regulating the activity of the wild-type proteins. The similar activity of these two domains in Toll and lin-12 suggests that extracellular juxtamembrane domains could have similar functions in other signal-transducing molecules.
Because the class I alleles are active in the absence of upstream genes, it is likely that the class I alleles of Toll send a constitutive signal to the cytoplasm at all dorsalventral positions. The injection experiments reported here confirm this hypothesis by demonstrating that class I transcripts can induce ventral structures on the dorsal side of the wild-type embryo or in an embryo that lacks the activity of the upstream gene easter.
When the class I transcripts are injected locally into T1-or ea-embryos, ventral structures differentiate at the injection site and a complete, normally proportioned dorsal-ventral pattern can develop (Fig. 3H) . The asymmetric dorsal-ventral pattern of the injected ea-embryos contrasts with the dorsoventrally symmetric lateralized embryos produced by Tll-ea -double-mutant females (Anderson et al. 1985b) . This difference could be accounted for if in TP-ea-embryos the TP product is constitutively active at all dorsal-ventral positions, producing a lateralized phenotype, while in ea-embryos injected with a high concentration of T11 RNA, the constitutively active, nondiffusing TP product is confined to one side of the embryo and can then generate a normal, asymmetric pattern.
The TP-ea + embryo is ventralized and has normal polarity, with a ventral furrow forming on the normal ventral side. The asymmetry seen in the T11 (ea +) embryo must be the result of an enhancement of the activity of the TP product above its baseline constitutive level by a ventral signal that depends on easter activity. This kind of enhancement was seen in the TP transcript injections, where the activity of the TP product was approximately fivefold lower in the absence of ea + (Table  1) . Thus, in the wild-type embryo it is likely that asymmetric activation of the uniformly distributed Toll product by an easter-dependent upstream ventral signal gives rise to the normal pattern.
It is interesting that two very different means of achieving localized Toll activity, local activation by an upstream signal or local injection of a nondiffusible, constitutively active receptor, can both result in a normal dorsal-ventral pattern. It seems likely that the spatial distribution of active Toll molecules is different in the two cases, suggesting that mechanisms act downstream of Toll to regulate proportioning of the dorsal-ventral pattern.
Truncated class H dominant products activate the wild-type Toll protein in trans
The class II dominant alleles of Toll encode stable truncated polypeptides (Fig. 5) that lack both the transmembrane and cytoplasmic domains and are therefore presumably secreted into the extracellular perivitelline 804 GENES & DEVELOPMENT Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from space. The truncated, secreted products of the class II alleles are active only in the presence of both the transmembrane Toll protein and the products of the genes upstream of 7"oi1. Thus, the amino-terminal 464 amino acids of 7"oll must include a domain that, together with the normal upstream gene products, can control the activity of wild-type Toll protein.
It is possible to explain the phenotypes of the class II alleles by three different kinds of interactions: The amino-terminal domain of Toi1 could bind the transmembrane Toll, it could bind to an inhibitor of To11, or it could bind to an activator of To11. In the first model, the truncated Toll proteins could increase the activity of the wild-type Toi1 gene product by interacting directly with the wild-type transmembrane protein. Many transmembrane signal transducers require ligand-induced multimerization to be activated (Ullrich and Schlessinger 1990) . If Toll activation also requires multimerization, the truncated molecules may facilitate this process. In a second model, the activity of the full-length Toll protein is increased because truncated Toll molecules sequester an inhibitor of wild-type To11. This model predicts that there is an upstream inhibitor of Toi1, but no such molecule has been identified genetically. In a third model, the dominant ventralizing activity of class II alleles depends on the secretion and solubility of their gene products. If the upstream gene products create a diffusible asymmetric activating signal on the ventral side of the embryo, truncated TolI molecules could bind to the activator and promote its diffusion to the dorsal side of the embryo, where the activator could be released to activate wild-type Toli protein.
Biochemical and molecular genetic evidence indicates that truncated and secreted forms of many cell-surface receptors are produced naturally (Goodwin et al. 1990 ). The truncated receptors could decrease receptor activity by competing for ligand with the transmembrane form or by interfering with the signal transduction process (Basu et al. 1989; Taira et al. 1989) . However, in contrast with these dominant negative interactions, the Toll class II alleles indicate that a truncated protein can induce the ectopic activity of a full-length receptor.
The Toll cytoplasmic domain: Homology to the IL-1R
The sequence similarity between the cytoplasmic domains of Toll and the IL-1R and the mapping of the lossof-function alleles of Toll to the region of similarity suggest the hypothesis that Toll and the IL-1R transmit their signals by similar mechanisms. The mechanism of signal transduction by the IL-1R is not yet clear, although studies have implicated increases in cAMP or diacylglycerol as steps in the pathway (Rosoff et al. 1988; Shirakawa et al. 1988; Zhang et al. 1988) . A number of new recessive Toll alleles that have been isolated recently (N. Machin, pers. comm.) may help to evaluate the significance of the sequence similarity and to define functional regions within both cytoplasmic domains.
The potential homology between Toll and the IL-1R is particularly tantalizing because the proteins that act downstream of these two transmembrane proteins may act in similar signal transduction pathways. Toll indirectly controls the activity of the dorsal protein by controlling its nuclear localization Rushlow et al. 1989; Steward 1989) . Similarly, in some cell lines, IL-1 causes the transcription factor NF-KB to be translocated from the cytoplasm into the nucleus, where it is then active (Shirakawa et al. 1989 ). The sequence similarity of dorsal to the DNA-binding p50 subunit of NF-KB (Ghosh et al. 1990; Kieran et al. 1990 ), the regulation of both transcription factors at the level of nuclear translocation, and the sequence similarity of Toll and the IL-1R suggest that the intermediates in the two pathways may be also similar.
Materials and methods
Mutant alleles
Most Toll alleles have been described previously (Anderson et al. 1985b; Gerttula et al. 1988; Erd61yi and Szabad 1989) . The dominant alleles T1DB1 (Dominant Berkeley 1), T1Ds2, and T1Ds3 were fortuitously isolated in F2 screens for maternal-effect mutations (S. Wasserman, D. Morisato, and K.V. Anderson, unpubl.) .
Sequencing of mutant alleles
The sequences of the Toil alleles were determined by the dideoxy chain-termination technique (Sanger 1977) , using the Sequenase system {U.S. Biochemical Corporation). The sequences of the parental chromosomes of all the To11 alleles, with the exception of TF e6' T11, T1 l°b, and T12b, were also determined. Genomic DNA, including the To11 open reading frame and a 106-bp intron between eDNA nucleotides 1793 and 1794 (Hudson 1989) , was sequenced by using oligonucleotide primers spaced every 200 bp.
Two mutant Toll alleles were cloned from genomic libraries. The T18~c allele was cloned from an EMBL 4 library of partial Sau3A-digested genomic DNA from TlS4C/TM3 flies. The T19Q allele was cloned from a XFIX (Stratagene) library of XhoI-digested genomic DNA obtained from T19Q/TM3 flies. Alleles of Toll cloned from the TM3 balancer chromosome were identified by the presence of a polymorphic BamHI restriction site that is not present in the T184~ and TI 9Q alleles. The open reading frames of these two dominant alleles were sequenced completely.
The remaining alleles were sequenced from mutant genomic DNA amplified by the polymerase chain reaction {PCR){Saiki et al. 1988). The recessive alleles were sequenced from PCR-amplified DNA that was cloned into pBluescript (Stratagene). The 3.4-kb Toll open reading frame-containing DNA was amplified in two fragments from DNA obtained from flies homozygous for each recessive allele. The entire open reading frame of each of the recessive alleles was sequenced. Mutant sequences were confirmed by directly sequencing PCR products. The sequences of T1 l°b, T11, T1DB1, T15B, T12B, T1DB2, and T1DB3 were obtained by directly sequencing DNA amplified from genomic DNA isolated from flies carrying the mutant alleles in trans to a deficiency (T1 l°b, T1 l, and T1DBI) or in trans to a balancer (TM3) chromosome (TI 2b, T15B, T1DB2, and T1DB3) . TF °b and T11 were sequenced from nucleotide 2535 to nucleotide 3040, T1DB1 and T1 eb were sequenced from nucleotide 2285 to nucleotide 2475, T1DSe and T1DB3 were sequenced from nucleotide 2555 to 2872.
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Transcripts of mutant alleles
A full-length, wild-type Toll cDNA was constructed (C. Hashimoto, unpubl.) in a pGEM-2 vector (Promega). cDNAs including the point mutations in the dominant alleles T/1 and TP °b were constructed by replacing a PflmI-StuI restriction fragment in the wild-type cDNA with a fragment (nucleotide 2800 -3483 in the cDNA sequence) amplified from mutant DNA by PCR. The reconstructed dominant alleles were sequenced over the PflmI-StuI restriction fragment to ensure that the DNA did not contain any PCR-derived artifacts.
A Toll allele containing a stop codon in the extracellular domain (T1 t~c~) was constructed by inserting an XbaI linker (New England Biolabs) containing stop codons in all three reading frames into the open reading frame of the Toll eDNA. The pGEM-2 vector containing the full-length, wild-type eDNA was linearized with StuI, which cuts in the cytoplasmic domain of Toll. To place the linkers in the extracellular domain of Toil, ExoIII deletions were performed on this linearized plasmid essentially as described previously (Henikoff 1987) . Nonphosphorylated XbaI linkers were ligated to the deleted plasmids, and the ligation reactions were precipitated to remove unligated linkers. The ligated DNA was resuspended in 40 mM Tris-HC1 {pH 7.5), 20 mM MgCI2, and 50 mM NaC1, heated to 65°C, and cooled slowly to allow the free ends to anneal. This recircularized DNA was used to transform Esch erichia coli MC 1061 cells. T1 tr~c~ contains an XbaI linker after nucleotide 2559 in the Toll eDNA sequence and an 1825-bp deletion from nucleotide 2559 to 4384.
Transcript injection
pGEM-2 templates were linearized and SP6 transcripts were generated essentially as described (Krieg and Melton 1987) , in the presence of 500 ~M TTP, CTP, ATP (Pharmacia), cap analog {5'GpppG3'; Pharmacia), 50 ~M GTP, and 2.5 nM [~-32p]CTP, at 800 Ci/mmole (Amersham). Mter 2 hr, the reaction mixture was diluted with one volume of 100 mM NaC1, 30 mM EDTA, 20 mM Tris (pH 7.5), and 1% SDS and passed over a 1-ml Sephadex G-50 spin column, equilibrated in 0.3 M sodium acetate and 0.1% SDS, to remove unincorporated nucleotides. The reaction was then extracted with phenol and precipitated twice with ethanol to remove residual SDS. Transcripts were resuspended in injection buffer (Anderson and Nfisslein-Volhard 1984) . The concentration of the transcribed RNA was determined by calculating the percentage incorporation of the radiolabeled CTP.
Protein analysis
Staged 0-to 4-hr embryos were collected, dechorionated, and homogenized in a solution of 10 mM Tris-HC1 (pH 8.0), and 1 mM EDTA. Wild-type embryo extracts were obtained from Oregon-R flies. T1-embryos were obtained from Df(3R) Tlr°XB3/ Df(3R)T19°ax females, which make no Toll RNA (Hashimoto et al. 1988) . Ventralized embryos were collected from TldasSU/Tl + flies. Extracts were centrifuged at 10,000g for 10 min to remove insoluble material, and 100 ~g of protein was loaded per lane. Proteins were blotted as described (Hashimoto et al. 1991 ) . Blots were probed with a 1:40 dilution of affinity-purified rabbit polyclonal primary antibody raised against the amino-terminal portion of Toll (Hashimoto et al. 1991) , and 1 : 10,000 dilution of HRP-linked goat-anti-rabbit secondary antibody (Bio-Rad). Toll protein was visualized by using an ECL kit (Amersham).
